clones on TU are ϳ14,000 and multiple clones on TU are ϳ16,000 (ϳ6,500 TUs). About 2,000 clones were unmapped according to incomplete genome sequences. The probes were selected from these results.
We used the arrays as probes to hybridize target RNAs prepared from normally grown callus and from callus treated with abscisic acid (ABA) or gibberellin (GA). The interaction between ABA and GA is an important factor controlling the transition from embryogenesis to germination in seeds. The effects of these hormones are competitive, in that ABA promotes seed dormancy, whereas GA promotes seed germination. Cereals are excellent plants in which to explore the molecular mechanisms involved in hormonally regulated gene expression, particularly the antagonism between ABA and GA (14) . Reports of such explorations (10, 22) have suggested the presence of cross talk, but these studies have investigated only part of the relationship between dormancy and germination in plants.
In a previous study we elucidated the mechanisms of interaction between ABA and GA signaling in rice by using the above tools for rice functional genomics, including rice 8,987-cDNA microarray (38) . Here we describe a comprehensive transcriptional profiling of phytohormone response genes in rice, phenotype analysis, and comparative analysis of transcriptional regulators between rice and Arabidopsis, for which we used a more comprehensive and specific 21 938-oligonucleotide array.
MATERIALS AND METHODS

Rice FL-cDNA Clones
All 32,127 FL-cDNA clones were generated by large-scale FLcDNA analysis as part of the Rice Full-length cDNA Project, which is a collaborative effort of NIAS, Foundation for the Advancement of International Science, and Institute of Physical and Chemical Research (RIKEN) under the supervision of the Bio-oriented Technology Research Advancement Institution (BRAIN) (18) . A homology search was performed with BLASTN and BLASTX, and by homology searches of publicly available sequence data we assigned tentative protein functions. We used 21, 938 TUs that were equivalent to ϳ32,000 FL-cDNA clones; to maximize the effective use of these ϳ32,000 published clones, in accordance with the recommendations of the manufacturer of oligonucleotide array (Agilent Technologies, Tokyo, Japan), the array format was 22,000 spots per glass slide. The functional annotations and identities (including accession numbers and related reference papers) of all ϳ32,000 rice FL-cDNA clones are listed in the Knowledge-based Oryza Molecular Biological Encyclopedia (KOME; http://cdna01.dna.affrc.go.jp/cDNA/).
Rice High-Density Oligonucleotide Array Construction
The array was composed of 21,938 probes with 60-mer oligonucleotides synthesized at a gene-specific region from 28,469 FLcDNAs. Mapping of these cDNA clones to genomic DNA revealed that there are ϳ20,500 TU, and clustering of these cDNA clones revealed a unique clone set. The probes were selected by means of these results. For each of the clones, we selected the top 60-mers by using an algorithm that took into account binding energy, base composition, sequence complexity, cross-hybridization binding energy, and secondary structure (2, 13, 34) . We constructed the oligonucleotide arrays with these TUs on glass slides by using in situ synthesis technology under a customized contract with Agilent Technologies (2, 13, 34).
Plant Material and RNA Preparation
The callus used for total RNA extraction was derived from the scutellum of the japonica rice cultivar "Nipponbare" and was cultivated in Murashige and Skoog medium (27) containing 10 M 2,4-dichlorophenoxyacetic acid. Such callus maintains the ability to develop roots and leaves. After the calluses had been cultured in the medium for 30 days, they were transferred to a medium containing the plant hormones ABA or GA and cultured for 3 days. The concentration of each plant hormone was adjusted to 50 M. After culturing, we used an RNeasy Plant Mini Kit (Qiagen, Tokyo, Japan) to extract total RNA from the hormone-treated calluses and from the control calluses (which were not treated with either hormone for the 3-day period). mRNA was isolated with an Oligotex-dt30 (Super) mRNA purification kit (Takara, Shiga, Japan). Purified mRNA was amplified, labeled, and hybridized to the rice 22,000-oligonucleotide array according to the manufacturer's protocols (Agilent Technologies). For each experiment described in this study, the data presented represent averaged results from hybridization to four oligonucleotide arrays in two-dye swap experiments.
Data Scanning, Quantification, and Processing
The hybridized and washed material on each glass slide was scanned with an Agilent DNA microarray scanner (model G2565BA; Agilent Technologies). Feature Extraction and Image Analysis software (version A.6.1.1, Agilent Technologies), was used to locate and delineate every spot in the array and to integrate each spot's intensity, filtering, and normalization by using the LOWESS (also know as "LOESS") method (36, 37) . From the four replications of each experiment we calculated the average ratio of expression of each spot after dividing the signal intensity of mRNA from hormone-treated callus by the signal intensity of that from untreated callus; these data were then subjected to LOWESS normalization. All of the expression profiles are available as gene series 661 (GSE661), including gene sample 9853 (GSM9853), GSM9854, GSM9855, GSM9856, GSM9857, GSM9858, GSM9859, and GSM9860 on gene platform 477 (GPL477) in the Gene Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI; http:// www.ncbi.nlm.nih.gov/geo/).
Cis-Element Search in Upstream Region of Rice Genes
After we had mapped the FL-cDNA links with the 22,000-oligonucleotide array on the rice genome, we performed a cis-element search. From the 5Ј-end sequences of the FL-cDNAs, the promoter sequences were obtained by comparison with the rice genomic sequences. We selected 1,000 bp of genomic sequences upstream from the 5Ј terminus of each FL-cDNA clone by using the data from the TIGR Rice Genome Project (http://www.tigr.org/tdb/e2k1/osa1/ BACmapping/description.shtml) and searched for about total 300 cis-elements known in plants by using the PLACE cis-element database (11) (http://www.dna.affrc.go.jp/htdocs/PLACE/).
Specification of Cis-Elements for Hormone-Responsive Genes in Rice
The cis-elements for hormone-responsive genes were compared among the gene groups in comparisons 1 and 2 below, and the types of cis-element of each gene group were characterized.
Comparison 1. We compared cis-elements among genes that were upregulated by ABA, downregulated by GA, and both upregulated by ABA and downregulated by GA. For each of these three groups of genes, we divided the total number of each type of cis-element in each group by the number of genes in each group. We then compared the numbers of each type of cis-element per gene among the three groups.
Comparison 2. We compared cis-elements among genes that were upregulated by GA, downregulated by ABA, and both upregulated by GA and downregulated by ABA. By the same method used in comparison 1, we compared the numbers of cis-elements per gene among the three groups. We selected cis-elements that were present in at least two genes, and the cis-elements of each group were characterized.
Cis-Element Search for Genes of Arabidopsis thaliana and Specification of Cis-Element for Rice and A. thaliana
The identifiers (IDs) of the Munich Information Center for Protein Sequences (MIPS ID; http://www.mips.biochem.mpg.de/) for A. thaliana genes corresponding to the rice FL-cDNA obtained were searched by means of KOME. Arabidopsis FL-cDNAs corresponding to the MIPS IDs of Arabidopsis genes obtained were searched using via the data from the RIKEN Arabidopsis Genome Encyclopedia (RARGE; http://rarge.gsc.riken.go.jp/). From the 5Ј-end sequences of the FL-cDNAs of Arabidopsis (http://cdna01.dna.affrc.go.jp/ cDNA/), the promoter sequences were obtained by comparison with the Arabidopsis genomic sequences on RARGE. We compared the numbers of cis-elements between genes that respond to ABA or GA in rice and corresponding genes in Arabidopsis and characterized the types of cis-element in each plant. To characterize cis-elements in each species, we divided the total number of each type of cis-element in each species by the number of genes in each species. We then compared the numbers of each type of cis-element per gene between the two kinds of species.
Quantitative Real-Time PCR
Two micrograms of mRNA from each callus was denatured at 65°C for 5 min and then transferred to a bath at 37°C and incubated for 5 min. At the same time, the first-strand reaction mix containing mouse reverse transcriptase and d(T) 18 primer (Amersham Pharmacia, Tokyo, Japan) was held at 37°C for 5 min. The RNA solution was transferred to the first-strand reaction mix for synthesis of cDNA and incubated at 37°C for 60 min. Specific primers for real-time PCR were designed to work under the same experimental conditions (95°C for 10 min followed by 45 cycles of 95°C for 1 min and 60°C for 30 s), generating products of about 200-250 bp at the 3Ј-untranslated region (3Ј-UTR) of each expressed sequence tag (EST) clone on the rice 8,987-cDNA microarray (34) . Genes encoding heat shock protein (AU062924) and polyubiquitin (AU108666, D22109) were tested as references for the hormonally treated and untreated samples. We chose the polyubiquitin gene (AU108666) for the standard lines because it was amplified by PCR faster than the other two genes were. Quantitative RT-PCR was performed with an iCycler (Bio-Rad, Tsukuba, Japan) and SYBR Green reagent (Qiagen). For each reaction, standard lines for both the treated and untreated samples were made by six fivefold serial dilutions. The relative amounts of the target gene were calculated by comparison with standard lines of the polyubiquitin gene (AU108666).
RESULTS AND DISCUSSION
Genes with Altered Expression Levels in Callus Cultured with ABA for 3 days
The standard deviation (SD) of the [log 2 (average ratio)] of four expression replications of the experiment was 0.270 after the removal of flagged data, and all the selected genes in Supplemental Table S1 (available at the Physiological Genomics web site) 1 were contained within the area of the median (0.00) Ϯ3SD over a normal distribution. The changes in gene expression were contained in the area of the median (0.00) Ϯ3SD over a normal distribution. Of the 200 genes selected, 110 were upregulated and 90 were downregulated by ABA; altered expression levels were identified from the expression profile of the analysis of the four oligonucleotide array analysis in two-dye swap experiments. Sixty-two of the 200 genes had functional annotations in a BLASTN search of the National Center for Biotechnology Information (NCBI; Ͼe-100) (Supplemental Table S1 ). All of the expression profiles for the four replications are available as GSE661, including GSM9853, GSM9854, GSM9855 and GSM9856, on GPL477 in the NCBI GEO database. The upregulated genes included gene homologs already reported as responding to ABA (see "hormone, ABA" category in Supplemental Table S1 ) (21) . Four clones [gene homologs for aldose-reductase-related protein (AK066733), glucose and ribitol dehydrogenase (AK110652), lipid transfer protein (AK062506), and the gene for globulin-like protein (AK105347)] have been reported as responding not only to ABA but also to GA (34) . Gene homologs for lipid transfer protein are not only ABA inducible but also salt and salicylic acid inducible (7) . Furthermore, it has been reported that, for genes in the "storage protein" and "stress" categories in Supplemental Table S1 , there is cross talk between responses to such factors as low-temperature stress and ABA response (20) . The levels of expression of these genes verified the accuracy of the experimental conditions. The gene for PBZ1 (AK071613; "defense" category in Supplemental Table S1 ), which was upregulated in our experiments, has been reported as a pathogen-related-protein gene (23) . Upregulation of genes and gene homologs for development, transcriptional factors, and generation and differentiation in Supplemental Table S1 was also detected with ABA treatment, although there were few compared with the GA-responsive genes (described later). This result suggests that the gene expression profiles in ABA-treated callus look very similar to that in cells in the dormancy process. Downregulated genes included those functionally annotated as responding to ABA ("hormone, ABA" category in Supplemental Table S1 ) (38) . Also, downregulation of a gene homolog for auxin response related to gravitropism (AK101504) was detected with ABA treatment ("hormone, others" category in Supplemental Table S1 ). Genes and gene homologs that were related to cell division and differentiation of plant cells and that had not previously been reported as ABA responsive, such as senescence-associated protein (AK061848), root cap protein (AK108077), OsNAC3 (AK073667), and MADS-box-like protein (AK111859), were downregulated by ABA treatment ("development", "generation, differentiation", and "transcriptional factor" categories in Supplemental Table S1 ). Downregulation of these genes by ABA treatment, which demonstrated seed dormancy, are consistent with the fact that plant cells are at a decreased level of growth during seed dormancy. Fourteen defense-related genes and gene homologs were identified as belonging to distinct gene groups among those genes downregulated by ABA treatment that demonstrated seed dormancy ("defense" category in Supplemental Table S1 ). Eighty genes with unknown functions were upregulated by ABA treatment, and 58 were downregulated by ABA treatment. These unknown genes were newly classified as ABA-responsive genes ("unclassified" category in Supplemental Table S1 ).
We compared ABA response genes in plants among our result and other results of comprehensive expression analysis (12, 29, 33) using MIPS code and accession ID (Table 1) . Among them, 200 (this report), 1,401 (12) , 43 (29) , and 493 (33) genes are candidates for ABA-inducible genes, respectively. These inconsistencies of genes among these results may be attributed to the biological differences among plant species used, organ/tissues, ABA treatment condition, their response to ABA, and/or detection methodology.
Genes with Altered Expression Levels in Callus Cultured with GA for 3 days
The SD of the [log 2 (average ratio)] of four replications of the experiment was 0.311 after removal of flagged data, and all the selected genes in Supplemental Table S2 were contained in the area of the median (0.00) Ϯ3SD over a normal distribution. The changes in gene expression were contained within the area of the median (0.00) Ϯ3SD over a normal distribution. Of the 301 genes selected, 206 were upregulated and 95 were downregulated; altered expression levels were identified by expression profile from analysis of the four oligonucleotide arrays in two-dye swap experiments. Of these genes, 103 had functional annotations in a BLASTN search on NCBI (Ͼe-100) (Supplemental Table S2 ). All the expression profiles for the analysis of the four oligonucleotide arrays in dye swap experiments were available as GSE661, including GSM9857, GSM9858, GSM9859, and GSM9860 on GPL477 in GEO at NCBI (http://www.ncbi.nlm.nih.gov/geo/). The upregulated genes included genes reported as responding to GA ("hormone, GA" category in Supplemental Table S2 ) (38) . Also, upregulation of genes for other hormone responses, including auxin-responsive genes related to response to light (AK059838) and gravitropism (AK101191), was detected after GA treatment ("hormone, others" category in Supplemental Table S2 ). Thirty-one genes for development, cell division, generation, and differentiation in Supplemental Table S2 that had previously not been reported as GA responsive were identified as being upregulated. Such cell-division-related genes for plant growth were not detected by ABA treatment. Twenty defense-related genes were identified as belonging to distinct functional categories among those genes upregulated by GA treatment ("defense" category in Supplemental Table S2 ). The ABA and GA treatments revealed genes responsive to various physiological events in addition to their already known response to ABA or GA. In particular, many genes for defense-related proteins were responsive to ABA and GA treatment. In expression analysis using the same oligonucleotide array, genes for defense-related proteins, including peroxidase, were also upregulated in germinating seeds (H. Yamada, NIAS, personal communication). The detection of many kinds of genes for defenserelated proteins suggests more strongly than our other report (38) that the ABA and GA response pathways have cross talk with pathogen-related pathways in rice callus. Besides, salicylic acid (SA), a hormone known to mediate disease response, has recently been shown to positively or negatively regulate cell enlargement and division (35) , two physiological processes known to be controlled by GA. Therefore, expression profiles of defense-related genes in ABA and GA treatment callus show that may revealed the cross talk of SA, GA and ABA. Genes for stress response, such as the ABA-independent OsDREB1B (AK062422; a drought-inducible gene) and a gene homolog for osmotic-inducible ankyrin kinase (AK100268), were upregulated by GA treatment ("stress" category in Supplemental Table S2 ). Such genes had not previously been reported as GA responsive, except for metallothionein-related gene homologs (AK062653, AK103445) (38) . Some of the downregulated genes included had already been functionally annotated as responsive to GA (38) ("hormone, GA" and "storage protein" categories in Supplemental Table S2 ). These genes included homologs of genes for hydrophobic LEA-like protein (AK102039) and RAB24 (AK102982), which was reported as not only GA inducible but also antagonistically ABA inducible (upregulated) (38) . Eight genes related to development had not previously been reported as GA responsive ("development" category in Supplemental Table S2 ). The gene homolog for calcium-binding protein, CaBP1, in barley kernels (AK063625), which carries a single calcium-binding EF-hand motif and one transmembrane helix and is upregulated by endogenous ABA (15) , was downregulated by our GA treatment. The gene homolog of CaBP1 has shown that calcium-binding protein carrying a single EF-hand motif has Ca 2ϩ -binding activity (6) . Also, the gene homolog of CaBP1 was upregulated by our ABA treatment in two of the four replicated experiments (data not shown in Supplemental Table  S1 ; see deposited data for GSM9853 and GSM9854 of GSL661 in GEO at NCBI). The data from the other two replications (data not shown in Supplemental Table S1 ; see GSM9855 and GSM9856 of GSL661) on the DNA spotting on our microarray of the gene homolog were removed as flagged data of saturated signal intensity. The gene for CaBP1 of barley was continuously detected in the vascular tissues in barley kernels during development (15) , and the gene homolog was upregulated by our ABA treatment and downregulated by our GA treatment. These facts suggest that the gene homolog's product might play key roles as a calcium receptor in highly secretory organs during kernel development. In contrast, the gene for calmodulin-binding protein, glutamate decarboxylase (AK061977; OsGAD1), which is expressed in various tissues, including maturing seeds (1), was not only downregulated by our GA treatment but also upregulated by our ABA treatment (Supplemental Table S1 ). We can speculate that the relationship of this gene's activity to seed formation is demonstrated by its upregulation by ABA treatment and downregulation by GA treatment. Some genes for stress response, such as gene homologs responsive to low-temperature stress (AK070872, AK073109) and genes responsive to submergence stress (AK058296), which had not previously been reported as GA responsive, were downregulated by GA ("stress" category in Supplemental Table S2 ). A gene (OsNAC4; AK073848) and gene homologs (OsNAC6; AK068606, AK107746) of the NAC family, related to development of plant tissue, were downregulated by our GA treatment ("transcriptional factor" category in Supplemental Table S2 ). The NAC family is a group of transcriptional factors expressed in specific tissues such as mature leaf (OsNAC3, 4, 6, 7, and 8), stem (OsNAC4, 6, 7, and 8), root (OsNAC4, 5, 6, 7, and 8), embryos after pollination (OsNAC5, 6, 7, and 8), and callus (OsNAC4, 5, 6, 7, and 8) (17) . However, there has been no report of the induction of expression of these genes by GA treatment in tissues at the germination stage. Other homologs of the OsNAC family, including OsNAC3, 5, 7, and 8 on our array, were expressed at (33) and modified here were compared with our expression data. †Expression profile of ABA-responsive gene previously reported (12) and modified here was compared with our data. ‡cDNA microarray data for a set of transcripts previously reported as ABA responsive (29) and modified here were compared with our data. Details of all experimental conditions refer to each report (12, 29, 33) .
See legend to Supplemental Table S1 for explanation of other column names. ABA, abscisic acid; FL-cDNA, full-length complementary DNA; EST, expressed sequence tag.
PROFILING OF PHYTOHORMONE-RESPONSIVE GENES IN RICE
Physiol Genomics The gene homolog (AK063685) for the homeodomain leucine zipper protein family, which has a role as a developmental regulator, was newly found to be downregulated by GA. We found 132 genes with unknown functions that were upregulated by GA treatment and 66 that were downregulated. These unknown genes were newly classified as GA responsive.
We performed a comprehensive analysis of gene expression using callus tissue treated with ABA or GA. Genes for embryogenesis, germination, seed dormancy, and grain filling were included among those with altered expression levels. The fact that the experiments identified many already known ABAand GA-responsive genes in other tissues shows that callus tissue can be mimic the mechanisms of germination and dormancy. The high number of responsive genes detected showed that this analysis, which used our oligonucleotide array, was more efficient than those used in our other report (38) for genome-wide functional analysis of rice.
Genes Responsive to Both Culture with GA and Culture with ABA
To elucidate the interaction between ABA and GA, we selected 68 genes that had shown a response to both hormone treatments (Supplemental Table S3 ). Sixty-six of the 68 genes showed antagonistic responses to the 2 hormones. Twenty-five of these genes had functional annotations in a BLASTN search at NCBI (Ͼe-100). Two genes were either upregulated or downregulated by both hormones. Of the 66 antagonistically regulated genes, 34 were upregulated by ABA and downregulated by GA, and 32 were downregulated by ABA and upregulated by GA. The former 34 genes included LEA family genes (AK102039, AK102982) previously reported as antagonistically responding to both hormones ("hormone" category in Supplemental Table S3 ) (38) . Although there have been no previous reports of a gene for cysteine protease inhibitor (AK105278) having antagonistic responses to the two hormones, our result was not surprising, in that one would expect ABA to promote such a gene for inhibiting hydrolysis of storage protein and GA to inhibit it. The pattern of expression of a gene for cysteine proteinase (AK106508), which was downregulated by ABA and upregulated by GA, verifies this result. Genes and gene homologs for stress response, including response to low temperature (AK073109, AK070872), have cross talk with the ABA-responsive genes (20) that were detected in both our treatments ("stress" category in Supplemental Table S3 ). Gene homologs for homocysteine S-methyltransferase-4 (AK073362) and homeodomain leucine zipper protein (AK063685), which have various known functions, including roles as developmental regulators, were assigned new functions related to the ABA and GA response, which modeled seed dormancy and germination. The 32 genes in Supplemental Table S3 that were downregulated by ABA and upregulated by GA included 8 clones of defense-related genes and gene homologs that had not previously been reported as antagonistically responsive (38) ("defense" category in Supplemental Table S3 ) and gene homologs for development and stress ("development" and "stress" categories in Supplemental Table S3 ). Detection of such changes in the expression of these defense-related genes and gene homologs by ABA and GA treatment suggests that the plant seed does not require high levels of protection from threats such as pathogens in the external environment, but that at germination the plant is more vulnerable and the defense-related genes are therefore upregulated. The fact that a gene for MADS-box-like protein (AK111859), which functions in the construction of the reproductive organs (30) , was regulated antagonistically by ABA and GA suggests that the gene might have a new function related to seed dormancy and germination. Forty-two clones of genes with unknown functions were newly assigned functions as genes antagonistically responsive to ABA and GA treatment. Fifteen genes were reported as representing genes responsive to both hormones in our previous study, which used the rice 8,987-cDNA microarray and quantitative RT-PCR (38) . In contrast, we detected 66 genes responsive to both culture with GA and culture with ABA, which is about 4 times as many as in previous reports (38) , from an analysis of our oligonucleotide array. We hope that our results will add to the currently incomplete research data on the interaction between the ABA and GA responses in plant dormancy and germination.
Specification of Cis-Elements of ABA-and GA-Responsive Genes
To elucidate the mechanism of transcriptional regulation of the hormone-response systems of plants, we analyzed the cis-elements of genes that were responsive to our hormone treatment. We assigned our FL-cDNAs on the rice genome constructed by bacterial artificial chromosome (BAC) contigs from the results of the TIGR Rice Genome Project (http:// www.tigr.org/tdb/e2k1/osa1/BACmapping/description.shtml) and searched the cis-elements up to 1,000 bp upstream from the cDNA from the 5Ј terminus in the rice genomic sequence. The results of this cis-element analysis of all the clones on our oligonucleotide array are available on the KOME web site. The numbers of all the types of cis-elements of genes responsive to our treatments are shown in Supplemental Tables S4 and S5 . The results of comparison 1 (see MATERIALS AND METHODS) among 76 genes upregulated by ABA, 61 genes downregulated by GA, and 34 genes both upregulated by ABA and downregulated by GA are summarized in Table 2A . Two kinds of cis-element for light response (IBOX, BOXIIPCCHS) and seven for protein storage response were remarkably rich in the upstream regions of genes upregulated by ABA and downregulated by GA. Cis-elements for two kinds of storage protein (RAV1BAT, CANBNNAPA) were specified as elements of genes upregulated only by ABA in the comparison. Ciselements for defense (SEBFCONSSTPR10A), ethylene (ERELEE4), and development (ACGTCBOX) responses were specified as elements of genes downregulated only by GA in the comparison. Cis-elements for dehydration stress response (MYCATRD22) and light response (TBOXATGAPB) were specified as elements of both the gene group upregulated only by ABA and the group downregulated only by GA. The results of comparison 2 (see MATERIALS AND METHODS) among 173 genes upregulated by GA, 57 genes downregulated by ABA, and 32 genes both upregulated by GA and downregulated by ABA are summarized in Table 2B . Two kinds of cis-element for amylase (AMYBOX1, TATCCAOSAMY) were rich in the upstream regions of genes that were both upregulated by GA and downregulated by ABA. Genes downregulated by ABA and genes upregulated by GA were rich in cis-elements for stress response (MYBPLANT, TATABOXOSPAL, upregulated by GA; LTRECOREATCOR15, PALBOXAPC, downregulated by ABA) in the upstream regions. Cis-element for the defense response (SEBFCONSSTPR10A) was specified as an element common to both the gene group upregulated by GA and the group downregulated by ABA. These results suggest that antagonistic-response genes regulated by ABA treatment (Table 2A) or GA treatment (Table 2B) have cis-elements such as RYREPEATVFLEB4 ("protein storage" category in Table  2A ) and AMYBOX1 ("amylase" category in Table 2B ), which are related to seed dormancy and germination, respectively. In contrast, genes for response to only one of the two hormones are rich in elements such as MYCATRD22 ["stress (dehydration)" category in Table 2A ] and SEBFCONSSTPR10A ("defense" category in Table 2B ), which promote seed dormancy and germination, respectively.
Cis-elements for stress response were richer in the gene groups of Table 2B than those of Table 2A . There are five elements for stress-response factor (MYBST1, MYBPLANT, TATABOXOSPAL, LTRECOREATCOR15, and PALBOX-APC) in Table 2B . MYBST1, for responding to various stresses, was included in the gene group both upregulated by GA and downregulated by ABA, which demonstrates that it is related to stress response in seed germination. In contrast, one element for dehydration stress response (MYCATRD22) was rich in genes upregulated by ABA and genes downregulated by GA ("stress" category in Table 2A ). We speculate that plant cells are particularly susceptible to receive stress from the external environment during germination, or that germination is in fact a phenomenon of self-stress. In addition, these results suggest that plant cells are resistant to receive stress from the external environment during seed dormancy. We compared the cis-elements for tissue-specific response between parts A and B of Table 2 . There are nine kinds of cis-element for seed protein storage in Table 2A . Seven kinds of element for protein storage were included in the gene group both upregulated by ABA and downregulated by GA, demonstrating that this group is related to seed dormancy. In contrast, two elements (AMYBOX1, TATCCAOSAMY) for seed germination response were included in the gene group both upregulated by GA and downregulated by ABA (Table 2B ) and were thus related to seed germination. The variety of cis-elements for protein storage in the gene group both upregulated by ABA and downregulated by GA (Table 2A) , which mimics seed dormancy, is larger than those for amylase in the gene group both upregulated by GA and downregulated by ABA (Table 2B) , which mimics germination. We do not know whether the cis-elements of the latter group have multiple functions or whether they are poorly represented on the PLACE database.
In promoter sequences search of the ABA response genes obtained, we detected that several genes (AK064966, AK073100, AK073380, AK073777, AK073833, AK102307, AK103170, AK105316, AK106508, AK108159, AK110259, and AK110912 in Supplemental Table S4 ) did not contain any ABA-responsive element in their promoters as well as other report (29) . These results suggest the existence of novel cisacting elements involved in ABA-inducible gene expression in their promoters. 
Phenotypes of Transposon Insertion Mutants
To elucidate the functions of the genes responsive to our treatments, we investigated the phenotypes of mutants in which the rice retrotransposon Tos17 was inserted in the regions of these responsive genes with the aid of a Tos17 mutant panel database (http://tos.nias.affrc.go.jp/). Tos17, which is highly activated by tissue culture, has been used for insertion mutagenesis of rice (24) . The Tos17 mutant panel database enables one to link flanking sequences with phenotype information by using the BLAST program. With this database, one can perform gene function analysis by computer and reverse genetics. We obtained 12 insertion mutants from the 200 ABAresponsive genes (Table 3) . Gene homologs for ankyrin kinase (AK100268), protein phosphatase type 2C (AK068272), and zinc transporter protein (AK105258) had functional annotations in a BLASTX search on NCBI (identities Ͼ40%) and in published reports. The phenotypes of the insertion mutants of the gene homolog for ankyrin kinase (AK100268) of alfalfa, induced by not only ABA but also by GA, showed dwarfism, brittleness, and lethality. The gene, containing an NH 2 -terminal region with an ankyrin domain, plays a role in signal transduction in various developmental processes, particularly in legumes at the onset of germination and during the early stage of nodule development (3). The phenotypes of dwarfism, brittleness, and lethality indicate growth delay and suggest that disruption of this gene led to reduced protein synthesis for plant growth using nitrogen because of disruption of nitrogen metabolism pathways. Because, unlike legumes, rice does not form root nodules, we speculate that this gene homolog may play a role in nitrogen metabolism with regard to plant growth dependent on ABA and GA signal transduction. The phenotype of the insertion mutant of the gene homolog for protein phosphatase (AK068272) of Lotus japonicus, which has a function in nodules that are in the process of initiating nitrogen fixation (16), showed sterility. Loss of function of the gene homolog in response to Tos17 insertion might reduce protein storage during seed formation by disruption of a nitrogen metabolism pathway. We speculate that the gene homolog may function partly in nitrogen metabolism with respect to seed formation dependent on ABA signal transduction. The phenotypes of insertion mutants of the gene homolog for zinc transporter protein (AK105258), which plays a housekeeping role in zinc metabolism of soybean nodules (26) , showed abnormalities, kernel with a white base, of seed formation in rice. Although of course rice does not form root nodules, the effects of zinc deficiency on nitrogen metabolism of meristematic tissues with regard to protein synthesis in rice have been reported (19) . The phenotypes suggest that loss of function of the gene homolog of zinc transporter protein in response to Tos17 insertion might suppress protein synthesis. We speculate that this gene homolog's product may function farther upstream in the nitrogen metabolism pathway than does protein phosphatase with regard to protein synthesis dependent on ABA signal transduction. We obtained 29 kinds of insertion mutant from the 301 GA-responsive genes (Table 4) . Gene homologs for ␤-mannosidase (AK068499), cysteine synthase (AK072457), ankyrin kinase (AK100268), and seven-transmembrane protein, Mlo8 (AK072733) had functional annotations in a BLASTX search of NCBI and in published reports. The phenotypes of tomato containing insertion mutants of the gene homolog for ␤-mannosidase (AK068499), which is involved in the mobilization of galactomannans in the cell wall of the lateral endosperm in the early stages after germination (25) , showed growth delay. Loss of function of the gene homolog in response to Tos17 insertion in rice might reduce the synthesis of proteins for plant growth by disrupting a carbohydrate metabolism pathway; accordingly, the phenotypes included growth delay. We speculate that the gene homolog may play a role in carbohydrate metabolism with regard to plant growth dependent on GA signal transduction. The phenotype of rice carrying the insertion mutant of the gene homolog for cysteine synthase (AK072457), which functions in the regulation of sulfur and nitrogen availability (28), included sterility. Loss of function of the gene homolog in response to Tos17 insertion might reduce protein storage ability during seed formation by disruption of a nitrogen metabolism pathway. We speculate that its protein product may function in nitrogen and sulfur metabolism with regard to seed formation dependent on GA signal transduction. The phenotypes of alfalfa carrying an insertion mutant of the gene homolog for ankyrin kinase (AK100268), induced not only by GA but also by ABA in our experiments, included dwarfism, brittleness, and lethality. We speculate that the gene functions as described at phenotyping of ABA response genes, earlier.
The phenotype of rice insertion mutant of the gene homolog for Mlo8 (AK072733), which is involved in defense, response to biotic stress, and leaf senescence (4), included dwarfism and sterility. Loss of function of the gene homolog in response to Tos17 insertion might cause suppression of the cell development in plant height and seed formation, because of reduced stress response.
From these phenotypic results and published reports, we suggest that ABA and GA signal transduction interacts with three signal-transduction pathways responsible for nutrient metabolism, cell wall metabolism, and biotic-stress defense. First, the phenotypic results in Tables 3 and 4 suggest that ABA and GA signal transduction interacts with nutrient metabolic pathways, especially in nitrogen metabolism, through gene homologs for ankyrin kinase, protein phosphatase, zinc transporter protein, and cysteine synthase. We can speculate that the gene homolog for ankyrin kinase, which has a transmembrane domain, has a wide effect on plant growth and may function further upstream in the nitrogen metabolism pathway than the products of the other two genes (protein phosphatase, cysteine synthase). And we suggest that protein phosphatase and cysteine synthase have an effect on tissue-specific development (seed formation) and may function farther downstream in the nitrogen metabolism pathway than the ankyrin kinase. However, because these two genes are regulated by different hormones, and one gene homolog (for cysteine synthase) is related to the sulfate metabolism pathway, the nitrogen metabolism pathway based on ABA metabolism might be different from that based on GA metabolism, and the two pathways of nitrogen metabolism may interact on ankyrin kinase (for ABA, ankyrin kinase 3 protein phosphatase; for GA, ankyrinkinase 3 cysteine synthase). Also, the zinc transporter, which has a transmembrane domain, has an effect on tissue-specific development (seed formation) and may function farther upstream in the nitrogen metabolism pathway than does protein phosphatase without interaction of ankyrin kinase with a transmembrane domain (zinc transporter 3 protein phosphatase).
Second, the results in Table 4 suggest that GA signal transduction interacts with the cell wall metabolic pathway through its effects on mannosidase and invertase. We can speculate that mannosidase is relevant to polysaccharide metabolism, which has a wide effect on plant growth, and may function farther upstream in the cell wall metabolism pathway than invertase, which is relevant to disaccharide metabolism. Third, the results in Table 4 suggest that GA signal transduction interacts with signal transduction of biotic stress through Mlo8. We can speculate that other genes such as ankyrinkinase (plant height) and cysteine synthase (sterile) downstream of the protein of Mlo8 have a wide effect (plant height and sterility) on plant growth. These results and speculations, derived from phenotype analysis by molecular simulation using genome-wide expression profiles and a huge mutant collection, represent new knowledge of the systematic cataloguing of ABA and GA responses in rice.
However, the phenotypes of transposon insertion mutants in our data are preliminary data from the Tos17 mutant panel database. The studies are underway not only to analyze whether they are a homozygous line or not but also to analyze consistent of the phenotype among different lines of the same gene and to analyze whether the mutant phenotypes are rescuable.
Specification of Cis-Elements of ABA/GA-Responsive Genes in Rice Callus and Arabidopsis Genes Corresponding to Genes for ABA/GA Response of Rice Callus
To characterize the mechanism of transcriptional regulation of the hormone response systems in rice, we analyzed ciselements of genes of Arabidopsis corresponding to genes for ABA response of rice and compared the types of cis-element in each species. In genes with cis-element more than one element in total number of each type of element, we showed ciselement profile of 116 (rice) and 94 (Arabidopsis) clones in Supplemental Tables S6 and S7 , respectively. The results of comparison between 116 clones responsive to ABA in rice and 94 clones of corresponding Arabidopsis genes are summarized in Table 5 . From all detected cis-elements, we selected ciselements for determination of specific elements that were present in at least two genes in either species and specific element were more than Ϯ2-fold in the ratio of (rice/Arabidopsis). Also, we selected cis-elements for determination of common elements that were present in at least one gene in both species.
Six kinds of cis-elements for dehydration-stress response (ACGTATERD1, MYB1AT, ABRELATERD1, MYB2CONSENSUSAT, MYCATERD1, MYCCONSEN-SUSAT) were specified as elements in Arabidopsis (italic characters in "cis-element" column in Table 5 ). The specificities of Arabidopsis cis-elements for dehydration stress might be derived from differences in the growth environments of each species. These six kinds of elements do not exist in rice. However, the number of cis-elements for protein storage was remarkably rich in both species ("common" in "specific or common" column in Table 5 ), and the number of other elements for protein storage (Ϫ300ELE-MENT, RYREPEATGMGY2, RYREPEATLEGUMIN-BOX, RYREPEATBNNAPA) were richer in the upstream regions of genes of rice than in those of Arabidopsis. We suggest that Arabidopsis might use these conserved elements for protein storage. The specificities of rice in protein storage might be derived so that structure of rice seed is The "Specific or common" column shows the cis-elements that are rice specific, Arabidopsis specific, or common to both species. "Rice" indicates the total number of cis-elements of 116 clones responsive to ABA treatment within 1,000 bp upstream of the 5Ј region of each gene in rice. Details of all cis-elements refer to the PLACE database (http://www.dna.affrc.go.jp/htdocs/PLACE/). Italic characters show cis-elements that exist only in Arabidopsis or rice. "Arabidopsis" indicates the number of cis-elements in 94 clones of Arabidopsis corresponding to rice genes for ABA response. The data were obtained from RARGE (http://rarge.gsc.riken.go.jp/). "Ratio" was calculated by dividing the number of cis-elements in gene of rice by the number of cis-elements in gene of Arabidopsis. ND ϭ not determined. Cis-element function was classified (Category) on the basis of the annotation of the element entry in the PLACE database. different from that of Arabidopsis. Also, that the cis-element for expression of the amylase gene (CGACGOSAMY3) was specified as an element in rice may suggest the view that the difference in these elements is derived from differences in organization between rice and Arabidopsis. Although the cis-element MYBCORE for water-stress response appears in both species as a common cis-element in Table 5 , the number of elements in rice was 1.34 times that in Arabidopsis. These results suggest that rice might use a slightly different mechanism for response to water stress. Two kinds of ABA-responsive element (RAV1AAT, DPBFCORED-CDC3) and one GA-responsive element (DOFCOREZM) were rich in cis-elements conserved between rice and Arabidopsis ("common" in "specific or common" column in Table 5 ). We suggest that each species might have a common pathway for ABA or GA metabolism. The numbers of all types of cis-elements of GA-responsive genes in rice and Arabidopsis are shown in Supplemental Tables S8 (rice) and S9 (Arabidopsis). The results of comparison between 151 clones responsive to GA in rice and 117 clones of corresponding Arabidopsis genes are summarized in Supplemental Table S10 . The comparison of cis-elements for GAresponsive genes between rice and Arabidopsis gives a result similar to that for ABA. These differences in ciselements for protein storage and dehydration-stress response between rice and Arabidopsis may have accumulated through differences in the organization of each plant or through evolutionary responses to the growth environment. The comparative analysis of cis-elements among various species for the detection of characteristic in plants may become a useful indicator for the more efficient creation of transgenic plants. The comparison also may support the cDNA microarray data for a set of transcripts previously reported as ABA responsive, modified here from Yazaki et al. (38) , were compared to rice oligo microarray and quantitative real-time PCR (Q-RT-PCR) expression data. Only those 40 transcripts from the original list that are represented on the 8,987 cDNA microarray, and on the 60-mer oligo microarray, are shown. We selected 40 transcripts with significant expression differences of median Ϯ 2SD over a normal distribution in cDNA array analysis. We amplified Q-RT-PCR measurements of 35 transcripts using specific primers that designated from EST clones on cDNA microarray. Expression ratios are expressed as ABA treatment callus vs. nontreatment callus, and nonsignificant results are italicized.
PROFILING OF PHYTOHORMONE-RESPONSIVE GENES IN RICE
Physiol Genomics • VOL 17 • www.physiolgenomics.org on January 31, 2008 physiolgenomics.physiology.org prediction of the physiological functions of the products of "unknown" genes. In promoter sequences search of the ABA response genes obtained, we detected that several rice genes (AK064966, AK073100, AK073380, AK073777, AK073833, AK102307, AK103170, AK105316, AK106508, AK108159, AK110259, and AK110912 in Supplemental Table  S6 ) did not contain any ABA-responsive element in their promoters on rice genome as well as Arabidopsis report (33) . These results suggest the existence of novel cis-acting elements involved in ABA-inducible gene expression in their promoters of rice and Arabidopsis. In our study, WRKY transcription factor (AK073100, AK110912 in Supplemental Table S6 ), a protein known to mediate the pathogen-induced defense program, were induced by ABA treatment in rice callus. The data suggest that these not only reveal the cross talk between ABA response pathway and pathogen-induced defense program but also support the suggestion that W-box binding motif sequences, most of the WRKY proteins showed to bind to the sequence, are a novel cis-acting element involved in ABAinducible gene expression (33) .
Comparison of ABA-Responsive Genes Among 60-mer Oligonucleotide Array, cDNA Array, and Quantitative RT-PCR
We previously identified a set of transcripts that were more abundant in ABA-treated callus than in untreated callus by using rice 8,987-cDNA microarray (38) . To assess the utility of our oligonucleotide array in a practical context (i.e., are the same genes identified?), we compared expression ratios determined by cDNA microarray and oligonucleotide array for ABA-responsive transcripts ( Table 6 ).
The sequences of EST clones on rice 8,987-cDNA microarray were searched for in the rice FL-cDNA database, KOME (http://cdna01.dna.affrc.go.jp/cDNA/), which includes a collection of about 32,000 unique FL-cDNAs. We obtained 36 FL-cDNAs linking with the oligonucleotide array corresponding to the 40 EST clones selected as responsive to ABA treatment in the cDNA microarray analysis (38) by BLAST search (Ͼe-10).
Of 40 transcripts with significant expression differences of median Ϯ 2SD over a normal distribution in cDNA microarray analysis, 26 (65%) were positively correlated at the level of expression differences of median Ϯ 2SD over a normal distribution in the oligonucleotide array analysis. Twenty (50%) clones in the results of the cDNA microarray analysis showed an ABA-responsive:control ratio Ͼ2.0 in the oligonucleotide array system. Quantitative RT-PCR measurements of 35 transcripts using a specific primer designed from EST clones on the cDNA microarray showed agreement of 30 (86%) with the cDNA array and 26 (74%) with the oligonucleotide array. PCR-based ratios agreed slightly better with the cDNA microarray than with the oligonucleotide array because of the use of the primer designed from the EST clones.
Conclusions
On the basis of our huge FL-cDNA collection, we constructed a monitoring system that uses the 22,000-cDNA oligonucleotide array to monitor gene transcription levels and expanded the genome-wide functional analysis of rice. We constructed a comprehensive profile of gene expression for ABA and GA response in rice. We identified genes that had never before been annotated as ABA or GA responsive in other reports of comprehensive expression analysis of ABA-responsive genes in plant (12, 29, 33) , detected new interactions between genes responsive to the two hormones, comprehensively characterized cis-elements of hormone-responsive genes, obtained new putative gene functions from phenotypic results, and characterized cis-elements of rice and Arabidopsis. The results revealed that our tools and methods of functional genomics can identify genes that control particular phenotypes and can identify the transcriptional regulator (cis-element) of rice faster and more accurately than ever before. For the most effective functional analysis of the genome, all available information needs to be integrated. Systematically connecting powerful tools and information for functional genomics of rice will allow researchers in the life sciences, especially crop science, to change the direction of research. All of the information on rice functional genomics used in this report can be accessed through the Rice PIPELINE (http://cdna01. dna.affrc.go.jp/PIPE/) (40) , including the databases KOME, PLACE, Tos17, Integrated Rice Genome Explorer (31) (INE: http://rgp.dna.affrc.go.jp/giot/INE.html), and the Rice Expression Database (RED; http://red.dna.affrc.go.jp/RED/) (39) . Details of all of our materials, including FL-cDNA and mutant lines, can be obtained from the Rice Genome Resource Center (http://www.rgrc.dna.affrc.go.jp).
